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ABSTRACT 

Nickel-based super alloys such as Inconel X-750 are used to fabricate internal components for various 
reactor systems. Recent efforts to research and understand the effects of long-term neutron radiation 
damage on this material are crucial for quantifying the performance (radiation-induced creep and 
embrittlement) of such materials under extended use. The CANDU® ex-service garter spring irradiation 
program was instituted to investigate such effects on various types of Inconel X-750 garter springs, tensile 
specimens, and fatigue specimens. Conventional irradiation programs use rabbits, which are capsules that 
are generally loaded with nonradioactive irradiation specimens. These rabbits are designed to realize 
various specimen temperatures while irradiated to high neutron fluences in the Oak Ridge National 
Laboratory (ORNL) High Flux Isotope Reactor (HFIR). To accelerate the irradiation schedule of this 
program, two types of material—unirradiated and previously irradiated ex-service garter spring 
material—were both included in the irradiation program test matrix. These two material conditions are 
expected to provide intermediate and end-of-life neutron dose experimental results concurrently to 
accelerate the overall irradiation program schedule. This document describes the B8J18 garter spring 
design and the supporting work required to successfully fabricate, assemble, and qualify subsequent 
irradiation capsules. 

 

  



 

2 
 

 

1. INTRODUCTION 

Nickel-based super alloys such as Inconel X-750 are used to fabricate internal components for various 
reactor systems. Recent efforts to research and understand the effects of long-term neutron radiation 
damage on this material are crucial for quantifying the performance (radiation induced creep and 
embrittlement) of such materials under extended use [1]. The CANDU® ex-service garter spring 
irradiation program was instituted to investigate such effects on various types of Inconel X-750 garter 
springs, tensile specimens, and fatigue specimens. Conventional irradiation programs use rabbits, which 
are capsules loaded with nonradioactive irradiation specimens. These rabbits are designed to reach 
various temperatures while irradiated to high neutron fluences in the Oak Ridge National Laboratory 
(ORNL) High Flux Isotope Reactor (HFIR). To accelerate the irradiation schedule of this program, two 
types of material—unirradiated and ex-service garter spring material—were both included in the original 
irradiation program test matrix. These two material conditions are expected to provide intermediate and 
end-of-life neutron dose experimental results concurrently to accelerate the overall irradiation program 
schedule.  

While this approach will reduce the overall irradiation time by eliminating the need to take unirradiated 
material to the full end-of-life neutron dose, the plan to use ex-service materials comes with some 
significant challenges. The current irradiation project requires encapsulation of ex-service non-optimized 
garter springs. Since this material was previously irradiated in a commercial CANDU® reactor, it was 
necessary to devise an appropriate irradiation design format and a method for assembling rabbit capsules 
in a heavily shielded hot cell environment. The primary hot cell remote interface is the master-slave 
manipulator system, which has its own set of challenges and limitations. Therefore, a flexible, reliable 
encapsulation infrastructure was designed and implemented to allow remote assembly, welding, and 
testing of rabbit capsules with radioactive specimens. This document describes the B8J18 garter spring 
design and the supporting work required to successfully fabricate, assemble, and qualify subsequent 
irradiation capsules. 

2. EXPERIMENTAL METHODS  

2.1 CAPSULE DESIGN 

2.1.1 HFIR Irradiation and Experiment Design Concept 

2.1.1.1 HFIR Irradiation 

The High Flux Isotope Reactor (HFIR) is a beryllium-reflected, pressurized, light water–cooled and 
moderated flux trap–type reactor located at the Oak Ridge National Laboratory (ORNL) [2]. The core 
contains two involute-shaped plate type fuel elements that utilizes highly enriched 235U fuel maintain a 
steady state power level of 85 MW. The flux trap region houses three irradiation facilities: the peripheral 
target position (PTP) facility, target rod rabbit holder (TRRH) facility, and the hydraulic tube facility 
(HT). In these facilities, the most common irradiation experiments consist of small, un-instrumented 
“rabbit” capsules, which is the experiment format detailed in this work. The HFIR flux profile is not 
uniform in the axial direction, and each position generally has unique power level. As such, these 
positions are numbered in increasing order from the bottom to the top for the flux trap irradiation 
facilities. Positions TRRH-4 and PTP-5 are closest to the reactor’s midplane. 
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This document describes the design of HFIR-approved irradiation capsules to contain sections of ex-
service Inconel X-750 garter spring spacers used in CANDU reactors. Neutron and gamma radiation from 
HFIR fuel cause heating of the experiment materials, while the experiment is cooled by the reactor 
coolant. The heating rates are taken from neutronic models of the HFIR core and were provided as inputs 
to thermal finite element models. The thermal models are used to ensure that specimen temperature 
targets during irradiation are met, since there is no active monitoring of the thermal performance in-situ. 
Passive silicon carbide (SiC) temperature monitors, or thermometry, are used to validate the irradiation 
temperature predictions post-irradiation [3]. Typically, experiment designs use a small insulating gas gap 
as the primary method for temperature control of the specimens. The size of the gap and the choice of the 
fill gas (typically helium, neon, or argon) inside the experiment are chosen so that the heat generated in 
the experimental components that passes through the gas gap gives the desired temperature drop across 
the gap. The temperature drop is a function of the heat flux through the gap, the thermal conductivity of 
the fill gas, and the size of the gas gap. 

2.1.1.2 Experiment Design Concept 

The overall design of the irradiation experiments developed in this work is shown in Figure 1. Design 
drawings of the experiment assembly and part details are summarized in Table 1. The irradiation capsule 
containment (also referred to as the housing) is fabricated from a stainless steel–to-aluminum transition 
joint to facilitate hot cell welding [4] and is in direct contact with the HFIR primary coolant. The capsule 
subassembly is situated within an Al-6061 holder. Moving radially inward, the subassembly includes a 
zirconium dioxide (ZrO2) buffer, the Inconel X-750 garter spring specimens, and an Al 6061 insert that 
contains a SiC passive temperature monitor. The size of the gas-gap between the holder and inner wall of 
the housing provides the primary means of temperature control. Tabs of raised material on the outer 
diameter of the holder center the holder concentrically in the housing so the appropriate gap is maintained 
throughout the entire irradiation. Two titanium alloy endcaps are threaded into both ends of the holder to 
secure the specimen axially. The ZrO2 buffer is press fit into the heated holder during assembly to ensure 
that no extraneous gas gap occurs between the buffer and the holder from differential thermal expansion 
during irradiation. The specimen-to-buffer gas gap and the buffer thickness provide an additional mode of 
temperature control and insulate the spring specimens from large thermal gradients. 

For designs focused on reaching temperatures as low as achievable during irradiation, no gas-gaps 
between the holder and the housing are necessary. These cold capsule designs will feature a thick-walled 
housing that encompasses both the capsule containment and the specimen holder. This capsule design 
removes any thermal contact resistance that would be present when a two-part holder-housing interface is 
used; thus, lowering the overall temperatures of the capsule parts.  Aside from having the holder and 
housing combined to a single part, this low temperature design is conceptually similar to the higher 
temperature design. 

The specimens have relatively large variances in the coil diameters because of service use, as well as the 
initial sponsor-led cutting operation used to section the full spacer into individual specimens. In general, 
diametrically larger coils will exhibit larger heat fluxes due to a smaller secondary gas gap, resulting in 
large temperature variances during irradiation. The insulating buffer reduces the large temperature 
gradients because ZrO2 exhibits a much lower thermal conductivity than aluminum, thereby reducing heat 
transfer sensitivities caused by nonuniform secondary gas-gaps and contact between the specimen and the 
holder. For severely deformed specimens, two buffers of different wall thicknesses are used to provide a 
more consistent secondary gas gap over the axial length of the specimen. The Al insert is placed within 
the specimen to straighten the spring coils and to hold the SiC thermometry in place. Remaining spaces in 
the capsule are filled with quartz wool (between the specimen holder and the housing) to insulate the 
subassembly, preventing axial heat loss to the housing and minimizing movement. As described earlier, 
the housing features an inertia-welded transition from aluminum to stainless steel that mates with a 
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stainless-steel endcap. This design feature increases the reliability of the housing-endcap weld in a hot 
cell environment. 

 
Figure 1. Section views showing irradiation capsule design concept and CAD representation of the specimen. 

 
Table 1. Summary of the experiment assembly and part detail drawings 

Drawing Title 
X3E020977A680, Rev. 0 [5] Target Capsule Al/SST Transition Housing/Bottom Cap Details  
X3E020977A681, Rev. 0 [6] Target Capsule Al/SST Transition Housing/End Cap Assembly 
S17-37-CNL_RABBIT, Rev. 0 [7] CNL Non-Optimized Spring Rabbit Capsule Assembly 
S17-38-CNL_RABBIT, Rev. 0 [8] CNL Non-Optimized Spring Rabbit Capsule Assembly Part Details 

 

2.2 SPRING PROFILING AND PREPARATION 

As stated above, pre-irradiated specimens were deformed due to service usage and the sectioning 
procedure. Because the thermal performance depends, in part, on the profile of the springs via the 
specimen-buffer gas gap, accurate inspection of the diametric variance along the length of the specimen 
was essential for accurate modeling and design. Initially, specimens were measured using gauges, but this 
method did not capture the profile with adequate precision. Therefore, a visual inspection system was 
fabricated in house and approved for hot cell use. This system uses a commercially available motorized 
stage and digital microscope. 

2.2.1 Specimen Imaging  

Imaging was performed using a Celestron Digital Microscope Pro with a universal serial bus (USB) 
output to a computer with Celestron Microcapture Pro software. Custom parts were machined to fasten 
the microscope to a motorized stage (Thorlabs NRT-150). The stage was controlled by a BSC201 motion 
controller connected to a computer running Thorlabs Kinesis (v 1.14.7.0 64 bit) control software. A 
custom specimen platform was designed, and 3D printed (FlashForge Creator Pro) with a semi-cylindrical 
channel to position the specimen on the stage so that the focal point of the microscope coincided with the 
same plane as the spring edge and the optical scale. Using this setup, images were taken of each spring 
section incrementally along the length of the specimen. Images of the platform and motorized stage can 
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be seen in Figure 2. Since the specimens are not homogeneously circular, each specimen was rotated 90 
degrees and profiled a second time. The schematic diagram of the imaging setup is illustrated in Figure 3. 

 

  
Figure 2. 3D printed platform (left) and assembled motorized stage (right). 

 
 
 
 
 
 
 
 

 
Figure 3. Schematic diagram of specimen profiling setup in the hot cell. 

Linear stage 
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2.2.2 Image Analysis Methods 

Multiple images of each specimen were stitched using ImageJ and the Microscopy Image Stitching Tool 
(MIST), along with the phase-correlation image alignment method [9, 10]. The specimen was measured 
in ImageJ by calibrating the pixels to the optical length scale positioned next to the specimen. For each 
specimen 30–35 diameter measurements were made (at both orientations). To accurately capture the 
profile of each specimen, it was necessary to characterize the effect of bowing and coil offset. With these 
features present, a series of individual coil diameter measurements did not provide the actual effective 
diameter and complementary buffer diameter. Given that the garter springs were wrapped around a 
CANDU reactor pressure tube during operation, the springs take on a permanent bowed shape that tends 
to smear the effective diameter of the spring (see Figure 4). The springs also become relaxed during their 
time in reactor due to the stretching and rolling of the spring as the pressure tube thermally expands 
radially and axially during operation. This imparts a non-trivial taper on the diameter that is most 
noticeable in the 6 o’clock position where the pressure tube resides in contact with the garter spring; this 
is known as the pinched region. This nonuniform taper can be seen in the measured coil diameters, which 
were merged in Figure 5. Note that the outlying data points are located at the ends of two data sets (#2 
and #4) and correspond to data measured from partial coils resulting from cutting the garter spring. 

 
Figure 4. Garter spring specimen with emphasis on the bowing  

feature due to being wrapped around an operating pressure tube. 

Investigation of the measured data and the size of the pins used to physically straighten the springs during 
profiling revealed that all specimens required some number of coils to be trimmed to ensure the best fit 
possible between each spring specimen and the buffer. During the initial cutting operation, the sponsor 
used plier-type side cutters to reduce the taper of the coil at the cut site. However, this approach tended to 
flare out the cut coil and amplify the effective diameter of the spring at the cut ends. Moreover, the steel 
pin diameters were sized to be 2.90 mm (0.114 in.) and were relatively loose fitting inside the spring 
specimen, which allowed the spring to bow slightly about the pin. The design team ascertained that a 2.97 
mm (0.117 in.) diameter pin would sufficiently reduce this bowing and that only 1–2 coils were required 
to be trimmed from the cut ends of the spring.  

Pin 

Spring specimen 
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Figure 5. Measured coil data merged to show diametrical taper (pinched region  

corresponds to data sets 4 and 5; see APPENDIX A for raw data).  

2.2.3 Cutting and Gauge Validation  

Three flared coils on each spring end were removed with a customized IsoMet™ low speed saw to allow 
for better fit of the specimen within the buffer and to reduce temperature variances created by coils with 
non-uniform outer diameters (ODs) (see Figure 6). Further, a larger centering pin was placed through the 
center of the specimens to ensure that the spring specimens produce the most optimal effective diameter. 
Lastly, all specimens were tested in gauge blocks to verify that these corrective actions were successful 
and that the fit-up performance of all specimens was acceptable. 

 
Figure 6. Low-speed saw cutting of a garter spring sample to remove a flared coil. 



 

8 
 

3. COMPUTATIONAL METHODS 

3.1 THERMAL ANALYSIS 

Three-dimensional (3D) thermal analyses were performed using the ANSYS finite element software 
package to predict the thermal performance inside the experiment capsules. These analyses used material-
dependent heat generation rates (heat per unit mass) as thermal loading conditions, which were calculated 
from previously performed neutronics analyses. Custom, user-defined macros have been incorporated into 
ANSYS to determine thermal contact conductance between components that are either in contact or 
separated by small gas-gaps that expand or contract due to thermal effects [11]. Parametric computer-
aided design (CAD) models are imported into ANSYS and meshed. The measured profiles of the 
specimens were designed into the CAD model to reflect the nonuniform specimen profiles. Gas gap heat 
transfer is assumed to include conduction only, as there is very little space available for natural 
convection to occur. Gaps are typically on the order of microns to a few millimeters, and the total internal 
length of the capsule is less than 60 mm.  

The ORNL Nuclear Experiments and Irradiation Testing (NEIT) Group maintains a database of design 
and analysis calculations (DACs) that include temperature-dependent (and in some cases radiation dose–
dependent) thermophysical material properties used in thermal analyses. Properties are primarily obtained 
from CINDAS [12], MatWeb [13], and various literature sources. Material properties for this calculation 
are included in the DACs shown in Table 2 are available upon request. 

Inconel X-750 has been observed to swell due to irradiation. Additionally, it is suggested that the amount 
of swelling has temperature dependence. The amount of swelling with respect to dose was measured 
using density measurements provided by the sponsor. Reaction rate theory calculations were performed to 
predict the expected swelling in HFIR in different temperature regimes. The calculated swelling with 
respect to temperature in a commercial CANDU reactor and HFIR are shown in Figure 7 [14]. This 
concurred with the density measurements completed by the sponsor. 

 
Figure 7. Rate theory calculations of Inconel X-750 volumetric swelling 

at varying dose and temperatures [15]. 
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Table 2. Experiment materials and material property references 

Part Material Reference 
Housing, end cap Aluminum DAC-10-03-PROP_AL6061 [11] 
Holder Aluminum DAC-10-03-PROP_AL6061 [11] 
Buffer Zirconium Dioxide DAC-11-08-PROP_ZRO2 [15] 
Specimen Inconel DAC-13-01-PROP_INCONEL [16] 
Insert Aluminum DAC-10-03-PROP_AL6061 [11] 
Thermometry Silicon carbide DAC-10-06-PROP_SIC(IRR) [17] 
Fill gas Helium DAC-10-02-PROP_HELIUM [18] 

 
The convection boundary condition, along with the reactor bulk coolant temperature, was applied to the 
outer surface of the capsule housing.  The convective heat transfer coefficient is particular to the TRRH 
irradiation facility, which was the focus facility of this design.  The derivation of this value can be found 
in DAC-11-01-RAB03 [19].  

Heat generation rates vary in each HFIR position and as a function of axial position from the midplane of 
the reactor core. Peak heat generation rates (at the core midplane), parameters for determining the axial 
profile, and convection parameters are summarized in Table 3. Neutronic calculations were not carried 
out for this particular design but calculations were performed previously [20] [21] for other experiments 
with similar materials and capsule configurations, which yielded heat generation rates that are appropriate 
for this work. 

Table 3. Thermal boundary conditions 

Parameter Value in TRRH 
Heat transfer coefficient 47.1 kW m-² K-1 
Bulk coolant temperature 52°C 
Peak heat generation rate for aluminum 32.5 W/g 
Peak heat generation rate for titanium 35.2 W/g 
Peak heat generation rate for Inconel 39.3 W/g 
Peak heat generation rate for ZrO2 52.0 W/g 
Peak heat generation rate for SiC 32.9 W/g 
Correlating parameter (σ) 30.07 cm 

 
The local heat generation rate is estimated with the following profile: 

q(material, z) = qpeak(material) ∙ exp �−�z
σ
�
2
�,    (1) 

where:  
q = local heat generation rate as a function of the material and axial location, 
qpeak = heat generation rate at the HFIR midplane as a function of material, 
z = axial location in the HFIR, where the midplane is at z = 0, and 
σ = correlating parameter. 

 
Figure 8 shows one example of a fully meshed 3D finite element model. Most of the components were 
meshed using 0.4–0.5mm sized hexagonal elements. The thins buffer and thermometry housing were 
meshed with 0.1-0.2 mm sized elements. The spring was not meshed with hexagonal elements due to its 
complexity. The “distorted” shown in Figure 9 elements are only a result of the section view.  



 

10 
 

 

Figure 8.  Partial section view of meshed 3D thermal finite element model 

4. RESULTS AND DISCUSSION 

4.1 SPECIMEN PROFILES 

As mentioned in Section 2.2, precise dimensional inspection was required to allow for accurate 
predictions of the specimen’s temperature gradients, since the gap between the specimen and the buffer is 
a secondary mode of temperature control. The average coil diameter was 4.94 mm with a standard 
deviation of 0.03 mm. The difference between the minimum and maximum coil OD was determined to be 
0.25 mm. The tapered profile described earlier (see Figure 5) trends from a large OD of roughly 4.98 mm 
to a small OD of 4.84 mm, or vice versa. To account for a gap disparity that would exist with a uniform 
inner diameter (ID) buffer, a split design was chosen to better maintain the gap size along the specimen 
length and reduce thermal gradients. All the specimens were observed to have large end coils because of 
the mechanically deforming cutting procedure used to section the full-length spacer. This factor, along 
with the curvature of the specimens, would prevent easy placement of the specimen into an appropriately 
sized buffer. The assembly will be performed using master-slave manipulators (MSMs) with limited 
dexterity, and optimizing the buffer is a key design constraint. As stated in Section 2, the maximum 
effective diameter was determined for each specimen through image analysis of the specimen’s curvature. 
This was verified by dropping the specimens through gauge blocks. All the specimens were able to pass 
through a hole of 5.1 mm in diameter, and the narrow ends of specimens 4 and 5 were also tested with a 
5.06 mm diameter hole. These data were used to size the buffer’s IDs for the subsequent thermal models. 

4.2 THERMAL ANALYSIS 

4.2.1 Test Matrix and Evaluation Cases 

Thermal analyses were performed for each specimen capsule to be irradiated. These analyses provide the 
part dimensions required to meet the desired temperature goals for each specimen (i.e., sizes of the buffer 
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and holder). Due to the unique profile of each specimen, the design dimensions were analyzed for each 
individual specimen. Two specimen temperature regimes were desired, 330° and 200°C (or as low as 
achievable). The specimens were assumed to be straight with no bowing, and the IDs and ODs were 
assumed to be perfectly circular. The average of the two profiles (0 and 90° rotation) was used, as the 
difference between the major and minor axes was deemed to have an insignificant effect on the thermal 
performance. The averaged diametric measurements for each specimen were transferred to the CAD 
model by setting the diameter at equidistant points along the specimen model. Coils falling between the 
points were modeled by linear interpolation of adjacent points. Buffers were modeled as a plain hollow 
cylinder, except when dual thicknesses were required, as for specimens 4 and 5. In those cases, the buffer 
was made of two cylinders (of equal length) and the ID at the narrower specimen end was slightly 
decreased. The volumetric swelling was computed using the rate theory as explained in Section 3.1. 
Assuming isotropic swelling, the total volumetric swelling by the end of irradiation (EOI) was computed 
using the following: 

𝛥𝛥𝛥𝛥
𝛥𝛥

= 𝐷𝐷𝐷𝐷𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐 ∗ 𝜀𝜀𝛥𝛥(𝑇𝑇,𝐷𝐷𝐷𝐷𝐷𝐷).      (2) 
 

DPAPerCycle is the estimated displacements per atom that Inconel experiences during one cycle of 
irradiation in HFIR (~25 days). Previous work has shown that Inconel, like materials such as stainless 
steel, receive a neutron damage rate of 2 DPA/cycle. Ncycles is the number of cycles the specimens will be 
irradiated, and 𝜀𝜀𝛥𝛥(𝑇𝑇,𝐷𝐷𝐷𝐷𝐷𝐷) is the temperature-dose-dependent volumetric strain. A volumetric strain (𝜀𝜀𝛥𝛥) 
of 3.2% per 100 DPA was used for the 330°C irradiations, while the swelling at the lower temperature 
case would be ~1% per 100 DPA and should have negligible impact on thermal performance. Therefore, 
swelling was neglected for the 230°C simulations. The swelling was introduced to the CAD model 
through a linear scaling factor. The scaling factor, equivalent to linear swelling (εl), was calculated as εl = 

εv/3, which is generally true for small strains. Additionally, the stainless-steel section of the housing and 
the end caps were neglected, as they would have negligible impact on the overall performance of the 
specimens since they would be insulated by quartz wool. The temperature predictions presented in this 
report are characteristic of irradiations at the TRRH-4 position. However, irradiations will occur at 
TRRH-3 through TRRH-5 positions. Therefore, the 230°C designs are planned to be placed at positions 3 
and 5, subject to ~5% reduction in the heat generation rates. The actual temperatures should be slightly 
lower than those listed. The 330°C cases are planned to be placed at the TRRH-4 positions.  

Table 4 summarizes the irradiation test matrix, specimen number, desired temperature, dose, 
corresponding volumetric swelling, holder sizes, and buffer sizes.  

Table 4. Irradiation test matrix, design temperature, buffer dimensions, and holder dimensions 

Capsule Position Number 
of cycles 

Design 
temperature 

(°C) 

Volumetric 
swelling 

ΔV/V (%) 

Buffer ID 
(mm) 

Holder ID/ 
buffer OD 

(mm) 

Holder 
OD (mm) 

1 TRRH 4 10 330 0.64 5.10 6.00 9.42 
2 TRRH 4 10 230 ~0 5.10 5.60 9.52** 
3 TRRH 4 20 230 ~0 5.10 5.60 9.52** 
4 TRRH 4 15 230 ~0 5.10/5.06* 5.60 9.52** 
5 TRRH 4 25 230 ~0 5.10/5.06* 5.60 9.52** 
6 TRRH 4 20 330 1.28 5.10 6.00 9.42 
7 TRRH 4 15 330 0.96 5.10 6.00 9.42 
8 TRRH 4 25 330 1.60 5.10 6.00 9.41 

*There are two IDs for the split buffer designs. 
**The cold capsule designs feature a thick-walled housing. The holder and the housing are one continuous part.  
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4.2.2 Predicted Temperatures 

Figure 9 shows an example of temperature contours for the rabbit assembly and specimens for a 330°C 
capsule design at a TRRH-4 position at the core midplane. It was observed that several coils display 
hot/cold spots, due to the nonuniform outer diameters of the springs. There also seemed to be a 
temperature gradient moving from one end of the specimen to the other (top to bottom in Figure 9). This 
was likely caused by the tapered specimen profile. The thermal performance of each specimen is unique 
and depends on its profile. The designs were optimized to minimize temperature spans while still reaching 
the desired average temperature goal.  

Table 5 summarizes calculated average, minimum, and maximum temperatures for the specimens in each 
capsule. Table 6 summarizes calculated average, minimum, and maximum temperatures for the 
thermometry, which will be compared to temperatures determined post-irradiation using dilatometry. 
Specimen minimums and maximums were calculated by removing the top and bottom 2.5% element- 
volume-averaged temperatures (the calculated averages did not remove the outliers). This was done to 
reduce the contribution of outliers from skewing the reported temperatures. More details are provided in 
the full ANSYS output files in APPENDIX B. 

Average specimen temperatures for the 330°C cases ranged from 334–336°C, which fell within the 
desired range at the beginning of irradiation (BOI). Irradiation-induced swelling results in a small 
reduction in specimen temperatures due to reduction of the secondary gas gap. The average end of 
irradiation (EOI) temperatures for the 330°C designs range from 323–327°C. During irradiation, the 
temperatures will fall somewhere between the BOI and EOI temperatures. For the colder 230°C or lower 
capsule design, the average temperatures range from 228–235°C. Although it was assumed to be 
negligible, the irradiation-induced swelling is non-zero for these specimens and may have some minor 
contribution for the 230°C capsule designs, especially for longer irradiations. However, it would only 
cause a temperature decrease by reducing the secondary gas gap. Further, these designs were modeled at 
the TRRH-4 positions, and placement at the 3 or 5 positions would also cause slight reduction in 
temperature. These results are more representative of the maximum temperature the specimens should 
experience during irradiation.  

Table 5. Predicted specimen temperatures for each capsule at BOI and EOI 

Capsule/Specimen# 
Design 

temperature 
(°C) 

Number of 
cycles 

BOI EOI 
Avg. 
(°C) 

Min.* 
(°C) 

Max.* 
(°C) 

Avg. 
(°C) 

Min.* 
(°C) 

Max.* 
(°C) 

1 330 10 334 321 346 327 314 339 
2 230 10 234 224 246 n/a n/a n/a 
3 230 20 228 218 237 n/a n/a n/a 
4 230 15 234 222 246 n/a n/a n/a 
5 230 25 235 214 257 n/a n/a n/a 
6 330 20 334 319 345 324 309 335 
7 330 15 334 324 343 326 316 336 
8 330 25 336 327 343 323 314 331 

*Minimum and maximum values determined from 2.5 and 97.5 percentiles of temperature nodes. 
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Figure 9. Temperature contours (°C) for a rabbit assembly (left) and specimen (right). 

 
Table 6. Predicted passive temperature monitor (TM) temperatures for each rabbit at the BOI and EOI 

Capsule 
Design 

temperature 
(°C) 

Number of 
cycles 

BOI EOI 
Avg. 
(°C) 

Min. 
(°C) 

Max. 
(°C) 

Avg. 
(°C) 

Min. 
(°C) 

Max. 
(°C) 

1 330 10 383 368 397 377 362 391 
2 230 10 288 278 304 n/a n/a n/a 
3 230 20 282 275 288 n/a n/a n/a 
4 230 15 284 273 301 n/a n/a n/a 
5 230 25 285 268 307 n/a n/a n/a 
6 330 20 383 368 396 374 360 388 
7 330 15 383 373 394 376 366 388 
8 330 25 385 376 497 375 365 387 

Note: The min and max are taken as absolute, without the rejection of outliers.  
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5. SUMMARY AND CONCLUSIONS 

This work summarizes the specimen inspections, capsule design, and thermal analyses that were 
performed to support the qualification of a new irradiation vehicle for B8J18 Inconel X-750 ex-service 
garter spring spacer sections in HFIR. Upon completion of their irradiation schedules, the specimens will 
undergo PIE, including crush testing and transmission electron microscopy, to enhance understanding of 
high neutron dose mechanical performance of this material. A single garter spring was sectioned to 
produce eight unique samples for irradiation testing. Several unique capsule designs were produced to 
allow these specimens to achieve specific target irradiation temperatures in accordance with sponsor 
requirements. The design process included performing dimensional inspection using high resolution 
imaging techniques, modifying the specimens through cutting and elastic straightening to ensure optimal 
specimen geometries, and employing unique, versatile ZrO2 buffers within a novel capsule designs to 
provide adequate design performance and constructability in a hot cell environment.  
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APPENDIX A. DIMENSIONAL INSPECTION 

Table A-1. Diametrical Profile Measurements (mm) 

Specimen #1 Specimen #2 Specimen #3 Specimen #4 Specimen #5 Specimen #6 Specimen #7 Specimen #8 
0° 90° 0° 90° 0° 90° 0° 90° 0° 90° 0° 90° 0° 90° 0° 90° 

4.931 4.917 4.857 4.916 4.967 4.989 4.741 4.875 4.901 4.850 4.952 4.894 4.964 4.934 4.942 4.950 
4.920 4.939 4.934 4.927 4.956 4.978 4.916 4.875 4.890 4.857 4.960 4.923 4.923 4.912 4.942 4.945 
4.942 4.906 4.956 4.949 4.956 4.978 4.883 4.886 4.846 4.872 4.960 4.908 4.942 4.934 4.934 4.950 
4.931 4.906 4.945 4.927 4.956 4.956 4.894 4.875 4.857 4.886 4.923 4.894 4.934 4.927 4.934 4.934 
4.920 4.906 4.978 4.905 4.934 4.967 4.894 4.907 4.890 4.879 4.960 4.901 4.934 4.912 4.934 4.928 
4.942 4.891 4.956 4.927 4.956 4.967 4.883 4.907 4.868 4.864 4.952 4.916 4.956 4.927 4.927 4.956 
4.942 4.965 4.956 4.938 4.967 4.978 4.894 4.929 4.846 4.864 4.945 4.908 4.956 4.941 4.949 4.961 
4.964 4.943 4.945 4.927 4.956 4.978 4.905 4.929 4.868 4.901 4.930 4.894 4.927 4.941 4.934 4.923 
4.909 4.891 4.945 4.938 4.956 4.967 4.916 4.907 4.879 4.872 4.960 4.908 4.912 4.963 4.934 4.972 
4.931 4.928 4.934 4.916 4.971 4.967 4.883 4.896 4.857 4.872 4.952 4.901 4.920 4.941 4.949 4.972 
4.942 4.906 4.945 4.927 4.912 4.967 4.894 4.886 4.890 4.879 4.960 4.908 4.891 4.949 4.927 4.950 
4.931 4.972 4.967 4.949 4.945 4.967 4.894 4.940 4.879 4.886 4.938 4.901 4.905 4.912 4.934 4.961 
4.938 4.921 4.967 4.938 4.934 4.978 4.916 4.929 4.890 4.886 4.952 4.930 4.934 4.949 4.920 4.967 
4.924 4.943 4.956 4.949 4.989 4.978 4.927 4.940 4.901 4.894 4.945 4.923 4.920 4.956 4.927 4.950 
4.924 4.913 4.945 4.960 4.989 4.967 4.938 4.907 4.923 4.908 4.930 4.952 4.942 4.963 4.913 4.978 
4.953 4.913 4.945 4.938 4.967 4.956 4.927 4.918 4.934 4.930 4.938 4.945 4.956 4.963 4.949 4.961 
4.960 4.950 4.956 4.971 4.967 4.978 4.927 4.929 4.934 4.923 4.934 4.945 4.934 4.956 4.956 4.967 
4.946 4.943 4.978 4.938 4.967 4.967 4.905 4.940 4.967 4.923 4.945 4.923 4.927 4.949 4.956 4.967 
4.938 4.928 4.967 4.960 4.934 4.945 4.916 4.929 4.956 4.915 4.945 4.923 4.927 4.963 4.927 4.967 
4.938 4.950 4.934 4.949 4.967 4.945 4.938 4.929 4.967 4.930 4.974 4.901 4.942 4.963 4.971 4.961 
4.960 4.957 4.978 4.927 4.934 4.945 4.916 4.907 4.923 4.930 4.967 4.923 4.971 4.963 4.927 4.956 
4.938 4.950 4.978 4.949 4.956 4.934 4.916 4.951 4.945 4.952 4.960 4.945 4.942 4.978 4.942 4.967 
4.946 4.935 4.967 4.949 4.978 4.978 4.916 4.940 4.934 4.967 4.960 4.938 4.956 4.971 4.956 4.956 
4.946 4.957 4.967 4.938 4.989 4.934 4.916 4.929 4.945 4.959 4.960 4.930 4.942 4.949 4.956 4.961 
4.953 4.965 4.967 4.960 4.934 4.945 4.916 4.940 4.945 4.945 4.960 4.938 4.949 4.971 4.913 4.956 
4.953 4.950 4.956 4.949 4.945 4.967 4.916 4.940 4.923 4.959 4.952 4.916 4.942 4.934 4.942 4.989 
4.964 4.950 4.967 4.949 4.956 4.934 4.916 4.951 4.934 4.959 4.982 4.938 4.942 4.941 4.934 4.967 
4.953 4.939 4.967 4.927 4.978 4.989 4.916 4.962 4.934 4.988 4.974 4.952 4.927 4.941 4.971 4.945 
4.920 4.972 4.978 4.927 4.945 4.967 4.938 4.951 4.945 4.981 4.952 4.974 4.927 4.963 4.971 4.967 
4.931 4.950 4.978 4.938 4.956 4.978 4.927 4.951 4.934 4.967 4.982 4.982 4.949 4.949 4.942 4.978 
4.931 4.972 4.978 4.949 4.923 4.978 4.960 4.929 4.989 4.959 4.952 4.982 4.920 4.971 4.949 4.978 
4.953 4.977 4.945 4.960 4.945 4.978 4.938 4.973 4.978 4.967 4.952 4.974 4.927 4.963 4.927 4.967 
4.975 4.961 4.956 4.960 4.956 4.945 4.949 4.973 4.956 4.945 4.938 4.960 4.920 4.971 4.913 4.972 
4.969 4.977 4.967  4.956 4.956 4.949 4.951 4.989 4.974 4.923 4.974 4.927  4.923 4.967 
4.953    4.967 4.989 4.971 4.984 4.956 4.974 4.938 4.974     

        4.967 4.959  4.989     
        4.956   4.974     
                

Note: Each row represents an individual coil measurement, with the first row (coil measurement 1) 
corresponding to the unpainted end of the spring. To arrive at the plot in Figure 6, Specimens #1, #2, #3, 
#4, and #8 were flipped. Through this method, the plot represents the continuous profile of the entire 
spring. 
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APPENDIX B. ANSYS CAPSULE DESIGN REPORTS 

Specimen 1, 330C, BOI ANSYS Results 
 
 

BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       129.4        128.9 
   3) Holder                         AL-6061       32500.       172.1        171.7 
   5) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   7) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   9) Buffer                         ZRO2          52000.        94.7         94.5 
  10) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  12) Spring.1                       Inconel       39300.         7.0          7.0 
  14) Spring.2                       Inconel       39300.         7.2          7.2 
  16) Spring.3                       Inconel       39300.       124.3        124.1 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                594.2        592.6 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     58.    53.    61.    53.    60. 
   3) Holder                          AL-6061    140.   134.   144.   135.   143. 
   5) Endcap.1                        Ti-6Al4V   189.   156.   215.   165.   212. 
   7) Endcap.2                        Ti-6Al4V   189.   156.   215.   165.   212. 
   9) Buffer                          ZRO2       198.   146.   255.   169.   228. 
  10) ThermHolder                     AL-6061    347.   339.   353.   339.   353. 
  11) Therm                           SiC(Irr)   383.   368.   397.   373.   392. 
  12) Spring.1                        Inconel    339.   330.   348.   334.   346. 
  14) Spring.2                        Inconel    318.   309.   326.   313.   324. 
  16) Spring.3                        Inconel    334.   313.   349.   321.   346. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.449     24.21     0.050 
   3) Holder                          AL-6061    174.936     24.29     0.050 
   5) Endcap.1                        Ti-6Al4V    10.290      0.00     0.320 
   7) Endcap.2                        Ti-6Al4V    10.289      0.00     0.320 
   9) Buffer                          ZRO2         1.825      7.80     0.800 
  10) ThermHolder                     AL-6061    176.000      0.00     0.060 
  11) Therm                           SiC(Irr)     4.974      3.50     0.900 
  12) Spring.1                        Inconel     16.035     13.59     0.925 
  14) Spring.2                        Inconel     15.729     13.48     0.925 
  16) Spring.3                        Inconel     15.962     13.56     0.925 
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Specimen 1, 330C, EOI ANSYS Results 
 

BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       129.4        128.9 
   3) Holder                         AL-6061       32500.       172.1        171.7 
   5) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   7) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   9) Buffer                         ZRO2          52000.        94.7         94.5 
  10) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  12) Spring.1                       Inconel       39300.         7.3          7.3 
  14) Spring.2                       Inconel       39300.         7.5          7.4 
  16) Spring.3                       Inconel       39300.       125.0        124.9 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                595.5        593.9 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     58.    53.    61.    53.    60. 
   3) Holder                          AL-6061    140.   135.   144.   136.   144. 
   5) Endcap.1                        Ti-6Al4V   189.   156.   215.   165.   212. 
   7) Endcap.2                        Ti-6Al4V   189.   156.   215.   166.   212. 
   9) Buffer                          ZRO2       199.   147.   253.   170.   229. 
  10) ThermHolder                     AL-6061    341.   333.   347.   333.   346. 
  11) Therm                           SiC(Irr)   377.   362.   391.   366.   386. 
  12) Spring.1                        Inconel    332.   323.   344.   326.   341. 
  14) Spring.2                        Inconel    310.   300.   319.   304.   316. 
  16) Spring.3                        Inconel    327.   305.   343.   314.   339. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.450     24.21     0.050 
   3) Holder                          AL-6061    174.952     24.29     0.050 
   5) Endcap.1                        Ti-6Al4V    10.294      0.00     0.320 
   7) Endcap.2                        Ti-6Al4V    10.293      0.00     0.320 
   9) Buffer                          ZRO2         1.825      7.80     0.800 
  10) ThermHolder                     AL-6061    176.000      0.00     0.059 
  11) Therm                           SiC(Irr)     4.976      3.48     0.900 
  12) Spring.1                        Inconel     15.937     13.56     0.925 
  14) Spring.2                        Inconel     15.619     13.45     0.925 
  16) Spring.3                        Inconel     15.856     13.53     0.925 
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Specimen 2, 230C, ANSYS Results 
 
BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       321.7        320.7 
   3) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   5) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   7) Buffer                         ZRO2          52000.        50.7         50.6 
   9) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  13) Spring.1                       Inconel       39300.         7.0          7.0 
  14) Spring.2                       Inconel       39300.         7.2          7.1 
  15) Spring.3                       Inconel       39300.       124.6        124.4 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                570.6        569.1 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     60.    53.    64.    53.    63. 
   3) Endcap.1                        Ti-6Al4V   107.    78.   130.    86.   128. 
   5) Endcap.2                        Ti-6Al4V   107.    78.   130.    86.   128. 
   7) Buffer                          ZRO2       101.    67.   172.    86.   116. 
   9) ThermHolder                     AL-6061    251.   247.   263.   247.   262. 
  11) Therm                           SiC(Irr)   288.   278.   304.   280.   301. 
  13) Spring.1                        Inconel    257.   238.   268.   246.   266. 
  14) Spring.2                        Inconel    232.   224.   238.   226.   237. 
  15) Spring.3                        Inconel    234.   221.   259.   224.   246. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.667      0.00     0.050 
   3) Endcap.1                        Ti-6Al4V     8.850      0.00     0.320 
   5) Endcap.2                        Ti-6Al4V     8.847      0.00     0.320 
   7) Buffer                          ZRO2         1.801      7.80     0.800 
   9) ThermHolder                     AL-6061    176.000      0.00     0.054 
  11) Therm                           SiC(Irr)     5.942      3.23     0.900 
  13) Spring.1                        Inconel     14.860     13.22     0.925 
  14) Spring.2                        Inconel     14.500     13.11     0.925 
  15) Spring.3                        Inconel     14.534     13.12     0.925 
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Specimen 3, 230C, ANSYS Results 
 
BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       321.7        320.7 
   3) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   5) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   7) Buffer                         ZRO2          52000.        50.7         50.6 
   9) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  13) Spring.1                       Inconel       39300.         7.1          7.1 
  14) Spring.2                       Inconel       39300.         7.2          7.1 
  15) Spring.3                       Inconel       39300.       124.9        124.7 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                571.1        569.5 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     60.    53.    64.    53.    63. 
   3) Endcap.1                        Ti-6Al4V   107.    78.   130.    86.   129. 
   5) Endcap.2                        Ti-6Al4V   107.    78.   130.    86.   128. 
   7) Buffer                          ZRO2       101.    67.   174.    86.   116. 
   9) ThermHolder                     AL-6061    245.   243.   248.   243.   247. 
  11) Therm                           SiC(Irr)   282.   275.   288.   277.   287. 
  13) Spring.1                        Inconel    228.   218.   239.   220.   236. 
  14) Spring.2                        Inconel    231.   219.   238.   224.   236. 
  15) Spring.3                        Inconel    228.   212.   239.   218.   237. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.668      0.00     0.050 
   3) Endcap.1                        Ti-6Al4V     8.850      0.00     0.320 
   5) Endcap.2                        Ti-6Al4V     8.847      0.00     0.320 
   7) Buffer                          ZRO2         1.801      7.80     0.800 
   9) ThermHolder                     AL-6061    176.000      0.00     0.054 
  11) Therm                           SiC(Irr)     5.880      3.21     0.900 
  13) Spring.1                        Inconel     14.438     13.09     0.925 
  14) Spring.2                        Inconel     14.480     13.10     0.925 
  15) Spring.3                        Inconel     14.442     13.09     0.925 
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Specimen 4, 230C, ANSYS Results 
 
BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       321.7        304.1 
   3) Endcap.1                       Ti-6Al4V      35200.        22.5         21.9 
   5) Endcap.2                       Ti-6Al4V      35200.        22.5         20.4 
   7) Buffer.1                       ZRO2          52000.        52.8         50.0 
   9) ThermHolder                    AL-6061       32500.        10.4          9.9 
  11) Therm                          SiC(Irr)      32900.         4.2          4.0 
  12) Spring.1                       Inconel       39300.         6.9          6.7 
  13) Spring.2                       Inconel       39300.         7.2          6.6 
  14) Spring.3                       Inconel       39300.       123.7        117.1 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                571.8        540.7 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     60.    53.    63.    53.    63. 
   3) Endcap.1                        Ti-6Al4V   107.    78.   129.    87.   128. 
   5) Endcap.2                        Ti-6Al4V   103.    76.   125.    84.   123. 
   7) Buffer.1                        ZRO2        99.    65.   156.    85.   117. 
   9) ThermHolder                     AL-6061    247.   243.   256.   243.   255. 
  11) Therm                           SiC(Irr)   284.   273.   301.   277.   296. 
  12) Spring.1                        Inconel    248.   238.   262.   239.   260. 
  13) Spring.2                        Inconel    223.   209.   231.   213.   230. 
  14) Spring.3                        Inconel    234.   216.   250.   222.   246. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.601      0.00     0.050 
   3) Endcap.1                        Ti-6Al4V     8.845      0.00     0.320 
   5) Endcap.2                        Ti-6Al4V     8.791      0.00     0.320 
   7) Buffer.1                        ZRO2         1.800      7.80     0.800 
   9) ThermHolder                     AL-6061    176.000      0.00     0.054 
  11) Therm                           SiC(Irr)     5.900      3.22     0.900 
  12) Spring.1                        Inconel     14.735     13.18     0.925 
  13) Spring.2                        Inconel     14.366     13.07     0.925 
  14) Spring.3                        Inconel     14.535     13.12     0.925 
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Specimen 5, 230C, ANSYS Results 
 

BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       321.7        304.1 
   3) Endcap.1                       Ti-6Al4V      35200.        22.5         21.9 
   5) Endcap.2                       Ti-6Al4V      35200.        22.5         20.4 
   7) Buffer.1                       ZRO2          52000.        52.8         50.0 
   9) ThermHolder                    AL-6061       32500.        10.4          9.9 
  11) Therm                          SiC(Irr)      32900.         4.2          4.0 
  12) Spring.1                       Inconel       39300.         6.9          6.7 
  13) Spring.2                       Inconel       39300.         7.2          6.6 
  14) Spring.3                       Inconel       39300.       123.6        117.0 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                571.8        540.7 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     60.    53.    63.    53.    63. 
   3) Endcap.1                        Ti-6Al4V   107.    78.   129.    87.   128. 
   5) Endcap.2                        Ti-6Al4V   103.    76.   125.    84.   123. 
   7) Buffer.1                        ZRO2        99.    65.   164.    86.   116. 
   9) ThermHolder                     AL-6061    248.   237.   262.   237.   262. 
  11) Therm                           SiC(Irr)   285.   268.   307.   271.   303. 
  12) Spring.1                        Inconel    255.   247.   262.   249.   260. 
  13) Spring.2                        Inconel    218.   211.   223.   212.   223. 
  14) Spring.3                        Inconel    235.   208.   260.   214.   257. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.601      0.00     0.050 
   3) Endcap.1                        Ti-6Al4V     8.845      0.00     0.320 
   5) Endcap.2                        Ti-6Al4V     8.790      0.00     0.320 
   7) Buffer.1                        ZRO2         1.800      7.80     0.800 
   9) ThermHolder                     AL-6061    176.000      0.00     0.054 
  11) Therm                           SiC(Irr)     5.906      3.22     0.900 
  12) Spring.1                        Inconel     14.824     13.21     0.925 
  13) Spring.2                        Inconel     14.299     13.04     0.925 
  14) Spring.3                        Inconel     14.542     13.12     0.925 
Update of ANSYS system successful... 
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Specimen 6, 330C, BOI ANSYS Results 
 
BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       129.4        128.9 
   3) Holder                         AL-6061       32500.       172.1        171.7 
   5) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   7) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   9) Buffer                         ZRO2          52000.        94.7         94.5 
  10) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  12) Spring.1                       Inconel       39300.         7.0          7.0 
  14) Spring.2                       Inconel       39300.         7.2          7.1 
  16) Spring.3                       Inconel       39300.       124.3        124.1 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                594.3        592.6 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     58.    53.    61.    53.    60. 
   3) Holder                          AL-6061    140.   134.   144.   135.   143. 
   5) Endcap.1                        Ti-6Al4V   189.   156.   215.   165.   212. 
   7) Endcap.2                        Ti-6Al4V   189.   156.   215.   165.   211. 
   9) Buffer                          ZRO2       198.   146.   254.   169.   228. 
  10) ThermHolder                     AL-6061    347.   340.   352.   340.   352. 
  11) Therm                           SiC(Irr)   383.   368.   396.   373.   391. 
  12) Spring.1                        Inconel    337.   327.   347.   331.   345. 
  14) Spring.2                        Inconel    323.   314.   330.   318.   328. 
  16) Spring.3                        Inconel    334.   311.   348.   319.   345. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.449     24.21     0.050 
   3) Holder                          AL-6061    174.936     24.29     0.050 
   5) Endcap.1                        Ti-6Al4V    10.291      0.00     0.320 
   7) Endcap.2                        Ti-6Al4V    10.287      0.00     0.320 
   9) Buffer                          ZRO2         1.825      7.80     0.800 
  10) ThermHolder                     AL-6061    176.000      0.00     0.060 
  11) Therm                           SiC(Irr)     4.974      3.50     0.900 
  12) Spring.1                        Inconel     15.996     13.58     0.925 
  14) Spring.2                        Inconel     15.795     13.51     0.925 
  16) Spring.3                        Inconel     15.957     13.56     0.925 
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Specimen 6, 330C, EOI ANSYS Results 
 
BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       129.4        128.9 
   3) Holder                         AL-6061       32500.       172.1        171.7 
   5) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   7) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   9) Buffer                         ZRO2          52000.        94.7         94.5 
  10) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  12) Spring.1                       Inconel       39300.         7.4          7.4 
  14) Spring.2                       Inconel       39300.         7.5          7.5 
  16) Spring.3                       Inconel       39300.       125.3        125.1 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                596.0        594.4 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     58.    53.    61.    53.    60. 
   3) Holder                          AL-6061    140.   135.   144.   136.   144. 
   5) Endcap.1                        Ti-6Al4V   189.   156.   215.   166.   212. 
   7) Endcap.2                        Ti-6Al4V   189.   156.   215.   166.   212. 
   9) Buffer                          ZRO2       199.   147.   255.   170.   229. 
  10) ThermHolder                     AL-6061    338.   331.   344.   331.   343. 
  11) Therm                           SiC(Irr)   374.   360.   388.   364.   383. 
  12) Spring.1                        Inconel    327.   317.   342.   320.   340. 
  14) Spring.2                        Inconel    313.   303.   321.   307.   318. 
  16) Spring.3                        Inconel    324.   300.   339.   309.   335. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.451     24.21     0.050 
   3) Holder                          AL-6061    174.958     24.29     0.050 
   5) Endcap.1                        Ti-6Al4V    10.295      0.00     0.320 
   7) Endcap.2                        Ti-6Al4V    10.292      0.00     0.320 
   9) Buffer                          ZRO2         1.825      7.80     0.800 
  10) ThermHolder                     AL-6061    176.000      0.00     0.059 
  11) Therm                           SiC(Irr)     4.977      3.47     0.900 
  12) Spring.1                        Inconel     15.864     13.53     0.925 
  14) Spring.2                        Inconel     15.651     13.46     0.925 
  16) Spring.3                        Inconel     15.816     13.51     0.925 
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Specimen 7, 330C, BOI ANSYS Results 
 

   
BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       129.4        128.9 
   3) Holder                         AL-6061       32500.       172.1        171.7 
   5) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   7) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   9) Buffer                         ZRO2          52000.        94.7         94.5 
  10) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  12) Spring.1                       Inconel       39300.         7.0          7.0 
  14) Spring.2                       Inconel       39300.         7.2          7.1 
  16) Spring.3                       Inconel       39300.       124.3        124.1 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                594.3        592.6 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     58.    53.    61.    53.    60. 
   3) Holder                          AL-6061    140.   134.   144.   135.   143. 
   5) Endcap.1                        Ti-6Al4V   189.   156.   215.   165.   212. 
   7) Endcap.2                        Ti-6Al4V   189.   156.   214.   166.   211. 
   9) Buffer                          ZRO2       198.   146.   257.   169.   229. 
  10) ThermHolder                     AL-6061    347.   344.   350.   344.   350. 
  11) Therm                           SiC(Irr)   383.   373.   394.   377.   389. 
  12) Spring.1                        Inconel    336.   326.   343.   329.   341. 
  14) Spring.2                        Inconel    327.   319.   336.   322.   334. 
  16) Spring.3                        Inconel    334.   319.   346.   324.   343. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.449     24.21     0.050 
   3) Holder                          AL-6061    174.936     24.29     0.050 
   5) Endcap.1                        Ti-6Al4V    10.291      0.00     0.320 
   7) Endcap.2                        Ti-6Al4V    10.286      0.00     0.320 
   9) Buffer                          ZRO2         1.825      7.80     0.800 
  10) ThermHolder                     AL-6061    176.000      0.00     0.060 
  11) Therm                           SiC(Irr)     4.974      3.50     0.900 
  12) Spring.1                        Inconel     15.983     13.57     0.925 
  14) Spring.2                        Inconel     15.866     13.53     0.925 
  16) Spring.3                        Inconel     15.953     13.56     0.925 
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Specimen 7, 330C, EOI ANSYS Results 
 
 
 BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       129.4        128.9 
   3) Holder                         AL-6061       32500.       172.1        171.7 
   5) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   7) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   9) Buffer                         ZRO2          52000.        94.7         94.5 
  10) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  12) Spring.1                       Inconel       39300.         7.3          7.3 
  14) Spring.2                       Inconel       39300.         7.4          7.4 
  16) Spring.3                       Inconel       39300.       125.1        124.9 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                595.6        593.9 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     58.    53.    61.    53.    60. 
   3) Holder                          AL-6061    140.   135.   144.   136.   144. 
   5) Endcap.1                        Ti-6Al4V   189.   156.   215.   165.   212. 
   7) Endcap.2                        Ti-6Al4V   189.   156.   215.   166.   212. 
   9) Buffer                          ZRO2       199.   146.   256.   170.   229. 
  10) ThermHolder                     AL-6061    340.   337.   344.   338.   344. 
  11) Therm                           SiC(Irr)   376.   366.   388.   371.   383. 
  12) Spring.1                        Inconel    329.   318.   336.   322.   335. 
  14) Spring.2                        Inconel    320.   311.   329.   314.   326. 
  16) Spring.3                        Inconel    326.   311.   339.   316.   336. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.450     24.21     0.050 
   3) Holder                          AL-6061    174.953     24.29     0.050 
   5) Endcap.1                        Ti-6Al4V    10.294      0.00     0.320 
   7) Endcap.2                        Ti-6Al4V    10.290      0.00     0.320 
   9) Buffer                          ZRO2         1.825      7.80     0.800 
  10) ThermHolder                     AL-6061    176.000      0.00     0.059 
  11) Therm                           SiC(Irr)     4.976      3.48     0.900 
  12) Spring.1                        Inconel     15.885     13.54     0.925 
  14) Spring.2                        Inconel     15.758     13.49     0.925 
  16) Spring.3                        Inconel     15.847     13.53     0.925 
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Specimen 8, 330C, BOI ANSYS Results 
 
BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       129.4        128.9 
   3) Holder                         AL-6061       32500.       171.4        171.0 
   5) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   7) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   9) Buffer                         ZRO2          52000.        94.7         94.5 
  10) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  12) Spring.1                       Inconel       39300.         7.1          7.0 
  14) Spring.2                       Inconel       39300.         7.1          7.1 
  16) Spring.3                       Inconel       39300.       124.6        124.4 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                593.9        592.3 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     58.    53.    61.    53.    60. 
   3) Holder                          AL-6061    147.   141.   151.   142.   151. 
   5) Endcap.1                        Ti-6Al4V   196.   163.   221.   172.   218. 
   7) Endcap.2                        Ti-6Al4V   195.   163.   221.   172.   217. 
   9) Buffer                          ZRO2       205.   153.   262.   176.   236. 
  10) ThermHolder                     AL-6061    350.   347.   353.   347.   352. 
  11) Therm                           SiC(Irr)   385.   376.   397.   380.   392. 
  12) Spring.1                        Inconel    337.   327.   345.   331.   343. 
  14) Spring.2                        Inconel    333.   325.   340.   328.   339. 
  16) Spring.3                        Inconel    336.   322.   346.   327.   343. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.448     24.21     0.050 
   3) Holder                          AL-6061    175.555     24.33     0.050 
   5) Endcap.1                        Ti-6Al4V    10.417      0.00     0.320 
   7) Endcap.2                        Ti-6Al4V    10.411      0.00     0.320 
   9) Buffer                          ZRO2         1.827      7.80     0.800 
  10) ThermHolder                     AL-6061    176.000      0.00     0.060 
  11) Therm                           SiC(Irr)     4.974      3.51     0.900 
  12) Spring.1                        Inconel     16.000     13.58     0.925 
  14) Spring.2                        Inconel     15.945     13.56     0.925 
  16) Spring.3                        Inconel     15.983     13.57     0.925 
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Specimen 8, 330C, EOI ANSYS Results 
 
   
BOUNDARY CONDITIONS   
 
Heat transfer coefficient =  47100. W/m²·°C  
 Bulk coolant temperature  =    52.0 °C  
 
 -------------------------------------------------------------------------------  
  HEAT GENERATION 
 
                                                Heat Gen.   ------ Heat Load ----- 
                                                @Midplane   @Midplane    @Location 
   Part                               Material    (W/kg)        (W)          (W) 
 ----------------------------------- --------   ---------   ---------    --------- 
   1) Housing                        AL-6061       32500.       129.4        128.9 
   3) Holder                         AL-6061       32500.       171.4        171.0 
   5) Endcap.1                       Ti-6Al4V      35200.        22.5         22.4 
   7) Endcap.2                       Ti-6Al4V      35200.        22.5         22.3 
   9) Buffer                         ZRO2          52000.        94.7         94.5 
  10) ThermHolder                    AL-6061       32500.        10.4         10.4 
  11) Therm                          SiC(Irr)      32900.         4.2          4.2 
  12) Spring.1                       Inconel       39300.         7.5          7.5 
  14) Spring.2                       Inconel       39300.         7.6          7.5 
  16) Spring.3                       Inconel       39300.       125.9        125.7 
 ----------------------------------- --------   ---------   ---------    --------- 
                                                                596.1        594.4 
 
 -------------------------------------------------------------------------------  
  CAPSULE TEMPERATURE SUMMARY  
 
 Name                                 Material   Tavg   Tmin   Tmax  T.025  T.975  
 ------------------------------------ --------  -----  -----  -----  -----  ----- 
   1) Housing                         AL-6061     58.    53.    61.    53.    60. 
   3) Holder                          AL-6061    147.   142.   152.   143.   151. 
   5) Endcap.1                        Ti-6Al4V   196.   163.   221.   172.   218. 
   7) Endcap.2                        Ti-6Al4V   196.   163.   221.   172.   218. 
   9) Buffer                          ZRO2       206.   154.   266.   177.   236. 
  10) ThermHolder                     AL-6061    339.   336.   342.   336.   342. 
  11) Therm                           SiC(Irr)   375.   365.   387.   369.   382. 
  12) Spring.1                        Inconel    326.   315.   339.   319.   336. 
  14) Spring.2                        Inconel    321.   312.   328.   316.   326. 
  16) Spring.3                        Inconel    323.   309.   334.   314.   331. 
 
 -------------------------------------------------------------------------------  
  PROPERTY SUMMARY AT THE AVERAGE PART TEMPERATURE  
 
                                                          Thermal 
                                               Thermal     Exp. 
                                                 Cond.    Coeff.    Emis 
 Name                                 Material  (W/m·ºC) (µm/m·°C)   (---) 
 --------------------------------     -------- --------- --------- --------- 
   1) Housing                         AL-6061    166.451     24.21     0.050 
   3) Holder                          AL-6061    175.586     24.33     0.050 
   5) Endcap.1                        Ti-6Al4V    10.423      0.00     0.320 
   7) Endcap.2                        Ti-6Al4V    10.418      0.00     0.320 
   9) Buffer                          ZRO2         1.827      7.80     0.800 
  10) ThermHolder                     AL-6061    176.000      0.00     0.059 
  11) Therm                           SiC(Irr)     4.976      3.48     0.900 
  12) Spring.1                        Inconel     15.839     13.52     0.925 
  14) Spring.2                        Inconel     15.771     13.50     0.925 
  16) Spring.3                        Inconel     15.805     13.51     0.925 
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